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The Honorable Lloyd M. Centsen, Jr. 00 
ChaIrman, Joint Economic Committc+- “i 0 

0 
J 

Congress of the United States i 

Dear Mr. Chairman: 

As part of the Special Study on Economic Change, the 
Joint Economic Committee Chalrmzn asked GAO how the output 
of federally financed research and development (R&D) could 
be measured to improve resource allocation declslons. This 
report describes an approach for assessing federally financed 
commercially dlrected R&D spending output--an R&D actlvlty 
whrch has the greatest potentlai for output measurements use- 
ful for improved resource allocatron declslons. It also 
addresses the conceptual problems and available methods of 
obtaining consistent and comparable measures needed to 
improve allocation declslons. 

The questlon addressed by this report concerns many 
legislators. Accordingly, we are today sending this report 
to several other interested congressional committees. 

Copies are also being sent to the Director, Office of 
Management and Budget; the Secretaries of Energy; Health, 
Education, and Welfare; Defense; Housing and Urban Develop- 
ment; Transportation; and Agriculture; the Office of 
Science and Technology Policy; the Admlnlstrator, National 
Aeronautics and Space Administration; and the Director of 
the National Science Foundation. 

A 
S 

Comptroller General 
of the United States 

COMPTROLLER CENERAL OF 7l-i~ UNITCD STAT&S 
WASHINGTON, D C 2flS58 
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< COMPTROLLER GENERAL'S 
REPORT TO THE I 
JOINT ECONOMIC COMMITTEE 4 

, DIGEST I ------ 

ASSESSING THE "OUTPUT" 
OF FEDERAL COMMERCIALLY 
DIRECTED R&D 

The Joint Economic Committee, as part of Its ' 
Special Study of Economic Change, requested that 
GAO address how results of federally-financed 
research and development can be measured. The 
Committee noted that a number of studies have 
discussed the relation of R&D to such areas as 
economic growth and productlvlty, and asked GAO 
to concentrate on intermediate R&D outputs (such 
as new products and their value) more closely 
related to specific expenditure of Federal funds. 
The request stated that improved measures of R&D 
output would be particularly useful in improving 
the allocation of resources among alternative 
proJects, but recognized that the SubJect to be 
discussed was quite broad. 

Attempts to develop measures of output which can 
be used consistently among Federal R&D pro]ects 
must try to deal constructively with the follow- 
ing problems: 

--R&D expenditures are undertaken for a 
variety of reasons. Some attempt to 
develop new knowledge; others are 
directed to meeting needs, such as 
national defense, for which there 1s 
no commercial market; and still others 
are directed at lowering the cost of 
products which will be purchased by 
consumers or which are used in the 
manufacture of products purchased 
by consumers. 

--R&D results are diverse. Some proJects 
produce revolutions; others produce 
nothing. 

--k&D 1s generally speculative. Not much 
is known in the embryonic stages of a 
pro]ect about what will happen. Even 
years later, controversy over accom- 
plishments may exist. 
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--The economic effects of R&D are not well 
understood, even after years of study. 

--Most Important, R&D 1s only one "input" 
into a complex process of search, dls- 
covery, lnnovatlon and commerclallzatlon 
of new ideas. 

Given the nature of these problems, there 1s no 
posslblllty of ellmlnatlng the role Judgment 
plays in the allocation of the Federal Government's 
resources in the R&D area. However, 1t 1s POSSl- 

ble to improve the quality of the analytical infor- 
mation available to executive branch officials and 
Congress on a systematic basis when they make 
Judgments about which prolects best serve the 
public interest. 

THIS STUDY'S FOCUS ON COMMERCIALLY 
DIRECTED R&D 

This report concentrates on one type of federally 
financed R&D in which progress in improving the 
allocation of resources is most likely to be made-- 
Federal commercially dlrected R&D. Commercially 
directed R&D programs are growing in importance 
as a proportion of Federal R&D spending, mainly 
because of the prlorltles given to developing 
alternative energy sources and to the efficient 
use of exhaustible energy resources. 

One goal of commercially directed R&D pro]ects is 
adoption and marketing by private-firms of goods 
or services embodying the results of federally 
financed R&D. The Federal Government invests in 
these prolects because: 

--Social returns are believed to be 
posltlve, but; 

--perceived private returns are lnsuf- 
ficient to Justify the investment; and 

--uncertainty regarding commercial 
success makes today's payoff too low 
to Justify the investment. 

Commercially directed R&D programs are implicitly 
or explicitly -Justified on the grounds that results 
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will ultimately have an economic value. The tie 
to market processes provides the key for develop- 
ing a consistent measure of R&D activity, because 
markets value diverse goods and services by a 
single monetary standard. If reliable market- 
based valuation measures can be developed, they 
can be used in allocatang resources both among 
R&D projects with economic outputs and between 
R&D prolects and other Federal programs provldlng 
outputs with economic value. 

CONCEPTUAL FRAMEWORK 

The conceptual framework for appraising Federal 
commercially directed R&D that we suggest draws 
heavily on professional literature which deals 
with the process of innovation in our economy. 
The framework 1s based upon the following two 
principles. 

--Federal R&D contrlbutlons to the innova- 
tion process need to be evaluated in the 
context of all other factors affecting 
commercial acceptance of innovation. 

--Estimates of value to consumers, which will 
result when products embodying federally 
financed R&D expenditure come on the 
market, can be used to calculate the rate 
of return on resources invested in 
Federal R&D. 

Research and development is useful for overcoming 
sclentlflc and some technical barriers. But there 
are other nonsclentlflc barriers that impede 
dellvery of an R&D result into widespread commer- 
cial use. To achieve market acceptance of an R&D 
result, all lnstltutlons involved in the manufac- 
turing, marketing, dlstrlbutlon and end use of 
the technology must be induced to accept its use- 
fulness. A mix of program options lncludlng 
financial assistance, procurement, tax credltsl 
etc., may be necessary to overcome these barriers 
since they cannot be overcome by R&D spending 
alone. Policy inputs and R&D spending all contrl- 
bute to the realization of a commercial result. 
A valid but complex approach to measuring the 
output of Federal commercially directed R&D should 
model lmpedlments to commercial success and the 
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inputs applied to mltlgate them. The market price 
of the products resulting from R&D and the value 
of the products to consumers should be estimated. 
Then one of two measurement approaches could be 
used in measuring the output of the Federal R&D 
expenditures: 

--A total Input-output approach where 
the measured output 1s compared with 
total program costs which consist 
of R&D costs and all other program 
input costs; or 

--An incremental product approach where 
the marginal output of R&D spending 
given levels of all other program 
inputs is compared with R&D costs. 

The second of these measured approaches is the most 
desirable. With a budget constraint, R&D expendl- 
tures should be allocated to R&D pro]ects in which 
the value received per dollar invested In R&D 
expenditure 1s the highest. 

USEFULNESS OF THIS FRAMEWORK 

In practice, it is very dlfflcult to obtain the 
data needed to apply the framework in a literal 
way. For example, the price of output in the 
future resulting from today's R&D expenditure 
1s difficult to estimate with any degree of 
certainty, and the value to consumers of this 
output depends upon the price of other goods and 
services which are slmllarly dlfflcult to measure. 
Also, determlnlng the contrlbutlon of R&D spend- 
ing is very difficult because lead times are 
long between R&D expenditures and market accept- 
ance of the technology and R&D 1s but one contri- 
buting factor to the output or innovation result. 
These llmltatlons in data avallablllty due to 
uncertainty and other factors suggest that the 
usefulness of the framework lies prlmarlly in 
its ability to provide guidance in asking the 
right questions about R&D pro]ects on a systematic 
basis. 

The report uses the Department of Energy's solar 
photovoltalc program to illustrate how the 
framework for analysis suggested here can be 
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used to develop useful lnformatlon for the analysis 
of R&D spending. This example shows the importance 
of ldentlfylng and attempting to quantify the regu- 
lation, tax, and other factors that affect the 
value of Federal R&D spending. 

The report also ldentlfles 11 questions which 
incorporate the point of view in the framework. 
If they are answered carefully on the basis of 
the best lnformatlon and estimates available, 
GAO belleves that the lnformatlon which would 
become avallable to pollcymakers would substan- 
tially improve the ability of agency offlclals 
and of Congress to make informed Judgments about 
Federal expenditures for commercially dlrected 
R&D expenditures. 

AGENCY COMMENTS 

We obtalned Informal comments from the National 
Science Foundation, Department of Energy, American 
Assoclatlon for the Advancement of Science, and 
the Congressional Research Service. Those com- 
menting thought that the framework presented here 
represented very good progress. Some, however, 
questioned the practical appllcablllty of the 
framework in view of the lack of data, uncer- 
tainty and multiple oblectlves involved in Federal 
R&D activities. As the preceding dlscusslon 
makes clear, GAO recognized that the framework 
which we discuss cannot be Implemented literally 
and that allocation of resources in the commer- 
cially dlrected R&D area necessarily involves 
-Judgments about many complex factors. However, 
we also belleve systematic effort to gather the 
type of lnformatlon suggested here would help 
executive branch officials and the Congress 
make their Judgments on the basis of informa- 
tion of better quality than 1s now generally 
available. 
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CHAPTER 1 

INTRODUCTION 

The Joint Economic Committee as part of its Special Study 
of Economic Change, requested that GAO address how results of 
federally financed Research and Development (R&D) could be 
measured. The Commlttee noted that a number of studies have 
discussed the relation of R&D to such areas as economic growth 
and productivity, and asked GAO to concentrate on intermediate 
outputs (such as new products and their value) more closely 
related to specific expenditures of Federal funds. The request 
stated that improved measures of R&D output would be particu- 
larly useful in improving the allocation of resources among 
alternative prolects, but recognized that the sublect to be 
discussed was quite broad. 

The Committee's question is important. It is a derlva- 
tlve of a questlon asked with increasing frequency about all 
types of Government spending: What are taxpayers getting for 
their money? 

Answering the question for research and development 
1s difficult because: 

--R&D results are diverse. Some prolects produce 
nothing while others produce revolutions. The 
results differ in kind and in magnitude. 

--Much R&D activity is uncertain. In the very 
early stages, little 1s known about what will 
happen f and even years later there is contro- 
versy over what has been accomplished. 

--The economic effects of R&D are not completely 
understood, even after years of study. 

--R&D is but one "input" into the complex process 
of search, discovery, innovation, and commer- 
clallzatlon of new ideas. 

This report presents a means for assessing the output 
of commercially directed Federal R&D spending. In these sit- 
uations the Federal Government is the principal source of 
financing in the initial stages of development, may or may 
not be a secondary source in ensuing stages, and probably 
is not a mayor purchaser of final R&D results. The result 
of this type of Federal innovation effort is expected ulti- 
mately to be adopted commercially and produced, marketed, 
distributed, and consumed In the private sector. 
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Examples nnclude development of a resource recovery system 
for preparing shredded domestic solid waste as a supplementary 
fuel In a boiler furnace (Department of Health, Education, and 
Welfare); development of a low cost, llghtwelght multichannel 
transceiver to be used by clvlllan law enforcement personnel 
(Law Enforcement Assistance Admlnistratlon); and many of the 
exotic and solar energy alternative technology programs admln- 
istered by the Department of Energy, such as coal gaslflcatlon 
and photovoltalcs. The results of these research programs are 
expected to be adopted by private firms and brought to com- 
mercial vlablllty in the private sector following Federal 
involvement. A/ 

Federal commercially directed R&D spending 1s an activity 
with a good potential for output measurement useful for improv- 
ing the budgetary resource allocation process. (This report 
does not pertain to R&D programs whose costs are Justified on 
the grounds that they produce public goods.) There is little 
doubt that basic research (as an end in itself) creates a 
highly beneficial scientific or technical base on which the 
Nation can rely for future applied or developmental purposes 
Allocating R&D spending to social and defense-related, or 
certain aerospace research involves political decisionmaking-- 
a process replete with value Judgments. Such allocation actl- 
vlty may not have clearly identifiable "outputs" or, if lden- 
tlflable, the outputs cannot be measured on an economically 
consistent basis because they are not valued In the market- 
place. 

If improvements are to be made in allocating R&D dollars 
efficiently, they most likely will be made where program 
results can be measured consistently. Commercially directed 
R&D programs are implicitly or explicitly Justified on the 
grounds that results will ultimately have an economic value, 
in addition to other social benefits. Measures of potential 
or actual value are a meaningful measure of output. They 
can be consistently used to allocate resources both among 
R&D pro]ects with economic outputs and between R&D prolects 
and other Federal programs providing outputs with economic 
value. Such R&D programs are growing in importance as a pro- 
portion of Federal R&D spending, mainly because of the priori- 
ties given to developing alternative energy sources and to 
the efficient use of exhaustible energy resources. Further- 
more, unlike defense-- or some aerospace-related R&D spendlng-- 

L/C. Williams, E. Milbergs, and R. Quick, "Preliminary As- 
sessment for Designing Experiments Using Federal Innova- 
tion Process," Stanford Research Institute, Menlo Park, 
Calif., Apr. 1977. 
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commercially dlrected R&D programs do not operate in a closed 
system of Government management, funding, and incentive con- 
trol because the Government is not the sole end user. The 
private sector is the main end user. 

The appropriate Federal role when the private sector 
or a portion of it is the prlnclpal end user is disputed, 
and this increases the importance of wisely allocating funds 
to such prolects. 

Thus, we have emphasized commercially directed research 
and development because: 

--Other types of Federal research and development, 
though quite important, do not produce results which 
are economically measurable on a consistent basis. 

--If improvements are to be made in the R&D resource 
allocation process, they will most likely be made 
if the output can be measured or estimated from 
program Inception through product or process inno- 
vation and diffusion. 

--Commercially directed research and development 
is growing In importance as a percent of total 
Federal R&D spending. 

--Because the results of commercially directed research 
and development produce private benefits at public ex- 
pense, resource allocation declslons for these pro]- 
ects become very important. 

This report makes several points: 

1. Many have attempted to measure either the contrl- 
butlon of specific R&D innovations or the aggre- 
gate impact of innovation. We belleve that these 
methodologies are adaptable to the planning and 
monitoring of Federal R&D spending. 

2. Years may elapse between R&D spending and an 
lnnovatlon's commercial success because numerous 
economic, social, and technical lmpedlments may 
prevent Its market penetration. A framework 
for assessing the results of Federal R&D spend- 
ing must expllcltly recognize these obstacles 
because research and development (R&D) can con- 
tribute to economic output only when combined 
with other lncentlves or mechanisms designed to 
overcome nonsclentlflc or nontechnical barriers. 
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3. 

4. 

5. 

We distlngulsh between measuring an output In eco- 
nomic value terms (such as dollars of benefits) and 
in nonvalue terms (such as the number of patents, 
or production figures, or number of publlcatlons or 
citations). Outputs may be valuable In the sense 
of having importance, but they cannot be measured 
in value-based terms. 

Until Federal R&D results have an end use, they 
cannot be consistently valued. If results (outputs) 
cannot be valued, they cannot be consistently com- 
pared with other outputs--and hence there can be no 
adequate basis for improving resource allocation 
decisions. 

Federal R&D contrlbutlons cannot be precisely 
measured if the program 1s even moderately complex. 
The measurement must fully account for the Impact 
of other policy inputs into the lnnovatlon process. 
The measurement must also treat the lnnovatlon In 
terms of its marginal, or incremental, outputs 
when combined with other inputs in an "lnnovatlon 
production function." Moreover, any framework for 
assessing outputs must be adapted to a speclflc 
program before it can be useful. 

Given the nature of these problems, we believe there is 
no posslblllty of eliminating the role Judgment plays in allo- 
cating the Federal Government's resources in the R&D area. 
Lack of data and uncertainty about outcomes make a literal 
appllcatlon of a hard and fast methodology impossible. How- 
ever, we belleve it 1s possible to improve the quality of the 
analytical lnformatlon available to executive branch offlclals 
and Congress on a systematic basis when they make Judgments 
about which pro]ects best serve the public Interest. 

Chapter 2 reviews the lnnovatlon process, drawing upon 
other analyses of R&D outputs. 

Chapter 3 discusses R&D program goals, distlngulshlng 
between value-based goals and nonvalue-based goals. 

Chapter 4 reviews the main value-based methods used to 
measure outputs of R&D spending. All were developed to 
measure the impact of R&D after the fact, using data recorded 
after the innovations had diffused into the economy. We sug- 
gest that some of these methods be adapted to plan R&D pro- 
grams and to monitor the programs' progress, thus improving 
the efficiency of Federal R&D spending. 
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Chapter 5 applies our framework to the Department of 
Energy's (DOE) solar FhOtOVOltalCs program. We have not 
evaluated or reached any conclusions on how well DOE has 
planned or admlnlstered the program. Rather, we have used 
this example to show how Federal research and development is 
meant to produce certain outputs and how outputs might be 
measured. 

The photovoltalcs program was chosen because Its goals 
relate mainly to reducing the cost of producing an exlstlng, 
well-defined, and easily measured product--electrlclty. Even 
sor the program 1s quite complex, since there are other inputs 
into the lnnovatlon process. Research and development alone 
is lnsufflclent to achieve the program's goals. Moreover, 
achlevlng program goals is, at best, years away. By then, 
prices of alternative energy sources could greatly affect the 
value of the program's achievements. 

Though a hard and fast methodology for measuring R&D 
output is not developed In this report, economic theory and 
analysis often pose worthwhile questlons and a systematic 
way of approaching issues. Such an approach is presented 
In chapter 6 as a series of questions which ought to be 
asked of current and contemplated Federal R&D programs. 
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CHAPTER 2 

THE INNOVATION PROCESS 

Innovation is the process by which inventions or new 
ideas are redesigned and embodied In various outputs until 
something of commercial value--an lnnovatlon--1s produced. 
Diffusion is the process by which the innovation achieves 
widespread commercial acceptance. Economic benefits begln 
with lnnovatlon and continue until the lnnovatlon becomes 
obsolete. In the innovation process, the Federal role may 
be paramount to success or failure. 

A study by John Enos examining 46 mayor lndustrlal in- 
novations found that the average period between invention 
and innovation was 13.6 years. L/ The Interval varies con- 
siderably among lnnovatlons; for example, the flourescent 
lamp took 79 years while streptomycin took only 5. 2/ A 
lag exists because there are numerous economic, social, and 
technological barriers to an lnventlon's commercial success. 
The less formidable and the fewer barriers there are, the 
sooner diffusion occurs. 

Numerous outputs occur between inventlon and innovation. 
In a study Albert H. Rubenstein categorized the relationship 
of R&D spending to the production of outputs that contrlbute 
to productivity growth and confer social and economic benefits 
in four stages: 3/ 

1. Immediate outputs, those directly attributable to 
the R&D process. These outputs appear close 
in time to a research and development outlay 
Examples are ideas presented in Journal articles 
or other publlcatlons and patent appllcatlons. 

&/John Enos, "Invention and Innovation in the Petroleum Re- 
fining Industry," The Rate and Direction of Innovative 
Actlvlty, NBER, 1962. 

z/Nathan Rosenberg, Perspectives on Technology Cambrldge, 
University Press, Cambridge, Mass., 1976, ppI 69-70. 

z/Albert H. Rubensteln, "Some Observations on the Effectlve- 
ness of Federal-Clvillan Oriented Research and Development 
Programs," in Joint Economic Committee Print, 94th Conq., 
2d sess., Oct. 29, 1976, Prlorlties and Efficiency in - 
Federal Research and Development - A Compendium of Papers, 
pp. 46-64. 



2. 

3. 

4. 

Intermediate outputs, those used by social sub- 
systems to produce social and economic benefits. 
Examples are the adoption of an energy supply 
lnventlon that results in reduced costs of 
energy production relative to some basellne 
state of technology. 

Preultlmate outputs are the commercially viable 
embodiment of immediate and intermediate outputs. 
Examples include economically competitive inno- 
vations which, at a reduced cost or with increased 
rellablllty or both, satisfy some end use, such 
as staying warm, staying healthy, or getting from 
one place to another. It 1s the value of these 
outputs which provide a basis for assessing R&D 
results. 

Ultimate outputs are preultlmate outputs that con- 
tribute to the quality of life. Examples include 
better health, better material well-being, or lm- 
provement in the quality of life. &/ 

The process of R&D spending has a beginning, a middle, 
and an end, but feedback wlthln and among the stages occurs 
continuously. The important point 1s that the inputs of R&D 
result in outputs which, through time (or during the innova- 
tion process), are continuously embodied in subsequent outputs 
until somethlng of economic significance 1s or is not pro- 
duced. 

Some outputs are easily identlfled; others are not. 
Immediate outputs are easily identified and are not likely 
to be overlooked. Furthermore, they can be measured in non- 
value-based terms; for example, patent appllcatlons, Journal 
articles, and scientists employed. But outputs at whatever 
stage cannot be valued in a way that allows policymakers to 
determine their comparative worth. Since a consistent com- 
parison cannot be made, the merits of lmmedlate outputs pro- 
duced by R&D prolect A cannot be compared with those produced 
by R&D prolect B. 

Cost reduction 1s a good example of an lntermedlate out- 
put. In some cases a new Idea or an lnventlon adopted by 
firms and produced under factory condltlons replaces a more 
costly product. Here engineering and perhaps remalnlng 
scientific problems are ldentlfled and overcome. In other 
cases the lnnovatlon reduces the manufacturing cost of an 
existing commercial product. 

L/Rubensteln, op. cit., pp. 46-64. 
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Inducements designed to achieve the pricing of inter- 
mediate outputs at levels that are economically attractive 
to potential end users may be necessary to facilitate the 
adoption of a federally funded R&D result. When this happens, 
intermediate outputs become economically significant and move 
into the preultimate output stage. R&D results that can be 
converted, via inducements, into preultimate outputs depend 
on R&D expenditures and on overcoming various supply and 
demand impediments to market penetration. 

Along the output continuum several points are note- 
worthy. The closer in time outputs occur to the expendi- 
ture of R&D funds, the easier they are to identify, mea- 
sure, and directly relate to the R&D expenditure but the 
harder they are to value on a comparative basis. The 
farther away in time outputs are from R&D expenditures, the 
easier they are to value, but the more tenuous the associ- 
ation between the R&D expenditures and the value of the 
outputs. Also the farther the outputs are from the expendi- 
tures, the less certainty there is that the measured outputs 
constitute the total product of the innovation effort, since 
some outputs are unintended and difficult to identify. 

Intended outputs must achieve economic significance to 
be valued economically. If they cannot be valued, they can- 
not be compared with their costs in a standard cost benefit 
analysis. Generally, consistent output measures are not 
obtained until the results of an innovation program have 
achieved market acceptance or good estimates of market 
results are achievable before the fact. 

Nathan Rosenberg, a noted economist in this field, 
suspects that the innovation lag--how long the original 
idea takes to become commercially embodied and cause sub- 
sequent output--has more to do with the social and polite- 
cal environment than with overcoming scientific or tech- 
nological hurdles. This is particularly true for the 
Federal innovation process. 

THE FEDERAL INNOVATION PROCESS 

This study concerns measuring the output of commer- 
cially directed Federal R&D programs whose ultimate goal 
is transfer-- commercial adoption and marketing. Programs 
whose costs are Justified on grounds that they produce public 
gooas were not considered. Though commercially directed R&D 
programs are not devoid of public goods aspects, the rationale 
for such programs should be to achieve outputs with economic 
significance. 
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Federal commercially directed lnnovatlons are those 
that would either not be undertaken or not be undertaken 
in a timely fashion, but are believed to be in the public 
interest, The reasons for this include the perception that 
returns are lnsufflclent to Justify the risk of private 
investment, and the perceived uncertainty about commercial 
success which makes today's risk-adlusted payoff too low 
to Justify the investment. 

In our opinion, a valid but complex approach to measur- 
ing the output of Federal commercially directed R&D should 
be to model the impediments to commercial success and the 
inputs applied to mitigate them, and to identify the lmmedl- 
ate, intermediate, and preultlmate outputs. Two measurement 
approaches are available: 

1. A total input-total output approach, in which the 
measured output is compared with total innovation 
program costs. 

2. A marginal product approach, in which the marginal 
output of R&D, given levels of all other inputs, 
is compared with R&D costs. 

Regardless of approach, the framework must identify all 
inputs and specify the interactions among them. Studies of 
interactions are important even in a total input-total output 
approach, because the desire to allocate R&D funds among the 
most productive prolects should be matched by a similar desire 
to allocate other resource inputs efficiently. In economic 
terms, this means that inputs should be applied during pro- 
ductlon to the point when the ratio of their marginal outputs 
to their unit costs 1s identical (that is, to the point when 
a dollar of input A or B produces the same addltlonal output). 

Figure 1 depicts the Federal innovation process. The 
complexity of the immediate through ultimate output continuum 
depends on the economic, institutional, regulatory, and 
political environment existing during the innovation's life. 
Besides scientific or engineering constraints, there are 
other impediments to achieving ultimate goals. These are 
reduced or ellmlnated by applying research and development 
and other Inputs to each constraint, and thus producing 
innovation outputs. In theory these outputs are measurable 
for resource allocation purposes beginning at their preul- 
tlmate stage and carrying through to diffusion. Ways of 
measuring the output of R&D spending are discussed in the 
next sectaon, 
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The Impediment-incentive relatlonshlps in the Federal 
lnnovatlon process are described in an article by Arthur A. 
Ezra as a "technology delivery system." lJ The system 
includes all lnstatutlons required to transfer the results of 
federally sponsored research and development to the market- 
place. Such lnstltutlons Include lenders, local and State 
government regulatory bodies, labor unions, architects, 
equipment manufacturers, builders, etc. Before the tech- 
nology can be transferred, all institutions must accept its 
viability. 

Incentives include education programs designed to in- 
fluence producers and consumers, financial assistance, pro- 
curement, tax credits, grants, relaxation of regulations, 
more R&D spending, and others. 

Within a technology delivery system: 

1. 

2, 

3. 

4. 

5. 

Incentives may need to be applied to each system 
component. 

Different components require different incentives. 

Information on the process needs to be compiled 
in a manner suitable for evaluation. 

All components must work if technology utiliza- 
tlon is to occur on a self-sustaining basis. 
The performance of particular incentives can 
be evaluated only when the total system 1s 
working. No one incentive can produce the 
desired result. 

The Federal agency responsible for advocating 
use of the technology should assume responslbll- 
ity for (a) identifying all system components, 
(b) devising incentives to activate each com- 
ponent, and (c) monltorlng results to ensure 
effectiveness. If a required component does 
not exist, it must be created. 2/ 

Crucial to a decision on how to measure Federal R&D out- 
put is an understanding of the Federal innovation process; 

L/Arthur A. Ezra, "Technology Utilization: Incentives and 
Solar Energy," Science, Feb 18, 1975, pp. 707-713. 

z/Ezra, op. cit., pp. 707-713. 



the role R&D plays in the process; and the institutional, 
sot ial, economic, and political environment in which inven- 
tlons or ideas are sent from the laboratories to the market- 
place. 

Economists speak not of research and development or 
labor or capital output but of their marginal products. The 
marginal product of an input is generally expressed in rela- 
tlon to its application with another input to the production 
of an output. Thus, we speak of the marginal product of labor 
at a given level of capital input. As labor is given more 
capital to work with, Its marginal product increases, up to 
a point. On the other hand, if labor has no capital to work 
with, it might not produce anything. The analogy to a Fed- 
eral lnnovatlon production function 1s useful. Research and 
development alone cannot produce innovation outputs. Re- 
search and development must be combined with other inputs 
in a technology delivery system to transfer technology and 
therefore produce an output with economic value. output 
measurements must consider all interactions between the 
inputs. 
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CHAPTER 3 

VALUE- AND NON-VALUE-BASED INNOVATION PROGRAM 

GOALS AND THEIR IMPLICATIONS FOR INFORMED 

RESOURCE ALLOCATION DECISIONS 

A means of assessing the output of Federal R&D spending 
must incorporate goals expressed in terms that lend themselves 
to analysis and incorporate relatively clear-cut links between 
immediate, IntermedIate, and ultimate program goals. Most 
Federal R&D program goals, however, are not expressed in 
terms that can be analyzed in ways essential to lmprovlng 
resource allocation declslons. 

For purposes of analysis, statements of goals and oblec- 
tlves should: 

1. Identify intended beneilts, Including expected 
levels of attainment; 

2. Identify recipients of unavoidable adverse con- 
sequences or unintended benefits; 

3. Include important qualitative aspects, even 
though measuring degrees of attainment may be 
dlfflcult; and 

4. Consider multiple oblectlves that may be com- 
plementary or conflicting. L/ 

Generally, desired accomplishments are expressed as 
program goals. For example, the overall DOE solar energy 
program goal is 

'* * * to stimulate the development and lntroduc- 
tlon at an early date of economically competltlve 
and environmentally acceptable solar energy 
systems." 2/ 

L/"Evaluation and Analysis To Support Decisionmaking," U.S. 
General Accounting Office, PAD-76-9, revised Sept. 1, 
1976, p. 14. 

/Department of Energy, Fiscal Year 1979 Congressional Bud- 
get Request, vol. 1, "Energy - Operating Expenses and 
Capital Acquisition," Jan. 1978, p. RTSO 1 of 38. 
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The two key phrases as they affect output are "economl- 
tally competltlve" and "at an early date." The goal is not 
nearly specific enough for making improved resource alloca- 
tion declslons. None of DOE's expected program results are 
truly value based, though the overall goal clearly implies 
that something of economic value will be produced. 

The lndlvldual DOE solar program goals generally de- 
scribe actlvltles rather than outputs. Consequently, they 
are non-value-based because there are no value-based or quan- 
tity dlmenslons to compare with a standard or with alterna- 
tlve programs. For example, if one goal of the program 1s to 
improve the rellablllty of a solar photovoltaic device, what 
constitutes success? An improvement of 20, 100, 500 percent? 
What kinds of cost reduction are proJected? What are the 
lmpllcatlons of cost reduction for market acceptance3 For 
example, the Solar Photovoltalc Energy Research, Development 
and Demonstration Act of 1978 (P.L. 95-590, Nov. 4, 1978, 
92 Stat. 2513) establishes an installed system cost goal of 
$1 per peak watt by 1988, but whether the market will accept 
this cost 1s uncertain. 

Other non-value-based measures include number of pa- 
tents, production figures, and number of skilled or expe- 
rienced workers trained. Though all these are important 
in tracking a program's accomplishments, they are not use- 
ful lndlcators when allocating resources to particular R&D 
prolects. For example, patents are dlsslmllar because 
some are extremely valuable and some are worth little. They 
could be added together only if homogeneity were assumed; 
i.e., 10 patents in solar photovoltalc equal 10 patents in 
wind energy. But is it meaningful to compare the production 
of 1,000 solar cells with 1,000 wlndmllls, given only pro- 
duction data? Even though they are usually more easily 
identified and measured, non-value-based measures cannot be 
consistently compared from program to program. 

It 1s tempting to compare today's funding levels for 
the various solar technologies with changes in the rate 
at which solar energy would be substituted for fossll fuels 
(displacement) to arrive at measures of comparative cost 
effectiveness. This IS not very useful because: 

1. Funding may continue well beyond the current 
year and diffusion may continue beyond some 
target displacement goal year. 

2. Annual expenditures do not provide a good 
lndlcatlon of total expenditures contemplated 
to achieve a given displacement level by a 
certain year. 
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3. 

4. 

5. 

Budgeted research and development in any year will 
not achieve the desired goal, and it IS unlikely 
that total R&D spending alone will achieve the 
desired result. Yet R&D results must be realized 
to determine the cost and the addltlonal incen- 
tives required to achieve the desired results. 

While displacement rates are comparable, the 
slgnlflcance of displacing a quad of fossll 
fuel by the year 2020 is not clear. 

Displacement rates should be compared with each 
other only on a life cycle cost basis. This 1s 
now lmposslble, since costs are a malor uncer- 
tainty in all solar technologies and some uses 
are likely to be more expensive than others. 

Furthermore, without a value for solar energy output, 
it 1s not possible to say whether any of the alternative 
techniques are cost effective. 

A more direct link between cost reduction goals and ul- 
timate program goals improves the comparison between such 
goals and actual results. This occurs when the implications 
of achieving a given cost reduction by a certain time are 
clearly related to the expected amount and value of output 
produced in satlsfylng ultimate program goals. 

The link might be expressed as follows: Achieving 
cost reduction by a factor of 50 over today's costs by year 
Y will result in commercial avallablllty in certain appll- 
cations and 15 expected to result in displacement of 2 per- 
cent of alternative exhaustible energy supply use and have 
a value of $X due to reduced energy consumption costs and 
environmental effects. 
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CHAPTER 4 

SPECIFIC VALUE-BASED MEASURES 

OF THE OUTPUT OF R&D SPENDING 

Previous chapters have discussed differences between 
value-based measures and non-value-based measures of output. 
For commercially directed Federal research and development, 
value-based output measures should be used to improve re- 
source allocation declslons because non-value-based output 
measures cannot be compared with one another consistently. 
This chapter discusses ways to measure the output of R&D 
spending. 

Thus far, attempts to measure the effects of R&D spend- 
ing have used two general approaches--the economic surplus 
approach and the aggregate economic approach. For reasons 
explained below, we believe that the former holds more 
promise for plannTing and for consistently measuring R&D out- 
put. 

THE ECONOMIC SURPLUS APPROACH 

, 

Surpluses which accrue to buyers are usually dlstln- 
gulshed from surpluses which accrue to sellers. L/ "Consumer 
surplus," an economic impact concept, measures a consumer's 
benefits due to the avallablllty of a new product or a re- 
duced price of an existing product. 2/ Economists have used 
this concept to measure the social costs of monopoly (which 

&/For a survey of economic surplus, see J, M. Currle, J. A. 
Murphy, and A. Schmltz, "The Concept of Economic Surplus 
and Its Use in Economic Analysis," Economic Journal, vol. 
81, Dec. 1971. 

Z/Technically, consumer surplus 1s a concept descrlblng the 
difference between what a consumer would pay for a given 
quantity of a commodity and the amount actually paid. It 
arises because markets clear, in theory, at the prace 
tendered by the lowest bidder that 1s consistent with 
exhausting the avallable supply at that price. All par- 
ticipants pay the market clearing price despite the fact 
that some would be walling to pay more. In the case of 
an R&D result, a first approximation to estimating consu- 
mer surplus 1s to multiply the quantity purchased by the 
addltlonal amount that the consumer would have to pay to 
receive the same service. 
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restricts output), the gains from international trade (which 
makes more goods available), the effects of agricultural 
price supports (which may restrict output and raise prices), 
and the social benefits of lnnovatlon (which leads to lower 
costs and development of new goods). 

Several studies on lnnovatlon using the consumer sur- 
plus approach have been published. Peterson L/ evaluated 
the effects of poultry research. Griliches 2/ estamated 
the rate of return on investment in hybrid corn research. 
Schmltz and Seckler 3/ used this approach to estimate 
the rate of return on investment in a mechanical tomato 
harvester. 

"Producer's surplus" is an analogous concept. It 1s 
used to measure producer's benefits from reduced produc- 
tion costs. A cost-reducing innovation usually leads to 
a reduced consumer price, but depending on market charac- 
teristics, some benefits remain with producers in the form 
of higher profits. 

One of the main theoretical Iustlflcatlons for Govern- 
ment research and development 1s related to these two sur- 
pluses. Profit-maxlmlzlng firms, some argue, base their 
R&D investment declslons on profltablllty, ignoring consumer 
benefits (consumer surplus). From society's point of view, 
this may lead to under-investment in research and development. 
From this follows the familiar assertion that the social 
rate of return from R&D investment slgnlflcantly exceeds the 
private rate of return. 

Edwin Mansfield's recently completed study of innovations' 
rate of return exempllfles this methodology's current applied 

L/W. L. Peterson, "Return to Poultry Research in the United 
States," Journal of Farm Economics, vol. 49, Aug. 1967. 

2/Zvi Grillches, "Research Costs and Social Returns: Hybrid 
Corn and Related Innovations," Journal of Political Eco- 
nomy, vol. 66, Oct. 1958. 

3/A. Schmltz and D. Seckler, "Mechanized Agriculture and 
Social Welfare: The Case of the Tomato Harvester," 
American Journal of Aqrlcultural Economics, vol. 52, 
Nov. 1970. 
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state of the art. A/ Seventeen average or routine innovations, 
such as a new type of household cleansing devzce, by private 
firms were intensively analyzed, and the average private and 
social rates of return were estimated. But benefits and costs 
were compared for the total innovation effort. Even in the 
case of routine innovations, R&D spending is followed by 
advertising and dlstrlbution and may be preceded by market 
research. 

It is unlikely that R&D spending alone would achieve 
the innovation results, since research and development is 
1s directed at overcoming only technological or scientific 
barriers (if there are any). At a minimum, commercial 
establishments must be induced to sell the product and end 
users must be made aware of its existence and be induced 
to buy It. In these cases, when a total input-total output 
approach was adopted, what portion of the innovation output 
do we attribute to R&D spending? This question is not 
addressed in Mansfield's study. 

Another problem is cost or price reductions. Bela Gold, 
in a critical evaluation of economic analysis, noted that in 
addition to focusing on cost and price reductions or profit 
increases, we might also focus on 

'I* * * mltlgatlng expected increases in input factor 
prices or decreases in availability of needed raw 
materials; responding to buyer demands for hlgher- 
quality products; and acceding to governmental 
pressures relating to labor or community health, 
safety, and pollution standards." 2/ 

THE AGGREGATE ECONOMIC APPROACH 

The second mayor approach to measuring the outputs of 
R&D spending uses highly aggregated economic data. The idea 
is to explain how research and development contributes to 
total productivity growth of the National economy or specific 

h/Edwin Mansfield, et. al., "Social and Private Rates of 
Return From Industrial Innovations," Quarterly Journal of 
Economics, May 1977. 

Z/Bela Gold, "Research, Technological Change, and Economic 
Analysis: A Critical Evaluation of Prevailing Approaches," 
Quarterly Review of Economics and Business, Jan. 1977, 
p. 20. 
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lndustrles over some period. This approach requires careful 
statlstlcal sifting of productivity data to determine the 
individual contribution of various economic factors to changes 
in aggregate productlvlty. There are numerous pitfalls--errors 
in data, errors in specifying the production relatlonshlps, 
and technical statistical problems. Precise measurements are 
illusive with this approach. 

Even after the components of productivity change are 
sorted out, to accurately measure the R&D contrlbutlon is 
probably impossible. There 1s unquestionably a contrlbutlon 
and possibly a large one, but pinning it down 1s beyond the 
current state of the art. 

Even measuring research and development for purposes of 
aggregate analysis IS exceedingly difficult. The R&D inputs 
may not be sufficiently similar to warrant grouping them all 
into the same category. L/ Certainly research and development 
performed by industry ($26.6 billion in 1976), which includes 
research and development funded by industry ($16.3 billion) 
as well as research and development performed in industry 
but funded by the Government ($10.3 billion in 1976), is a 
diverse category, 2/ The conventional classifications of basic 
research, applied research, and development each encompass 
many actlvltles. New products, product improvements, or even 
process improvements may be the goal of R&D. 

"R&D may also include undertakings to facilitate 
shifts to lower quality or cheaper material in- 
puts, to mechanize labor tasks, to improve machine 
efficiency, to meet health, safety, noise and pollu- 
tion requirements * * *.'I z/ 

Moreover, there 1s widespread concern that industrial research 
has recently become more oriented toward trying to satisfy 
governmental regulatory requirements; thus, the purpose of the 
R&D dollar may be changing over time and across industries. 

&/Gold, op. cit., pp. 12-13. 

z/George E. Manners, Jr. and Howard K, Nason, "The Decline 
in Industrial Research - Causes and Cures," Research Man- 
agement, Sept. 1978. 

J/Gold, op. cit., p. 17. 
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Studies that take a highly product- or process-speclflc 
approach to output measurement by using the concepts of con- 
sumer and producer surplus are extremely useful for valuing 
the total output of an lnnovatlon effort. A framework for 
valuing Federal R&D output must be highly program or subpro- 
gram specific; estimated impacts of the total R&D budget are 
too speculative and too aggregated to give much policy guld- 
ante. The problem with the consumer surplus approach as It 
affects measurement of Federal R&D output 1s that a R&D 
marginal product measure 1s preferable. Since most Federal 
commercially-directed lnnovatlon programs are more complex 
than average or routine lnnovatlons, some means of evaluating 
interactions between program inputs should also be found. 

Production function theory may be helpful in this re- 
gard. As lndlcated above, estimating R&D output at highly 
aggregated levels should consider the impacts of capital 
and labor inputs on output. (Rather than employing the 
aggregated production function methodology described above, 
it may be useful for decisionmakers to think of a Federal 
innovation production function in which (1) output 1s 
measured as the preultlmate output of an innovation effort; 
and (2) inputs are all incentives, including R&D, used to 
bring about the innovation's result.) This, of course, is 
far easier said than done. Nevertheless, it is useful to 
think in terms of a framework that (1) captures at least the 
essential elements of the innovation process as described in 
chapter 2; (2) determines the marginal product of R&D spend- 
ing in the context of an lnnovatlon production function; and 
(3) values the output of Federal R&D by empirically estimat- 
ing social and private returns using the concepts of producer 
and consumer surplus. 

It 1s useful to summarize at this point. The Federal 
lnnovatlon process 1s complex and involves long lead times 
and much uncertainty. The conceptual framework for apprais- 
ing Federal commercially directed R&D requires an apprecia- 
tion and understandlng of the innovation process and draws 
heavily on the professional literature which deals with the 
working of this process in our economy. 

The contribution of Federal R&D to this process needs 
to be evaluated In the context of all other factors affecting 
commercial acceptance of an innovation. R&D is useful for 
overcoming scientific and some technlcal barriers. But there 
are other barriers that impede delivery of an R&D result into 
widespread commercial use. To achieve market acceptance of an 
R&D result, all lnstltutlons involved in the marketing, manu- 
facturing, distribution and end use of the technology must be 
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induced to accept its usefulness. A mix of program options 
including flnanclal assistance, procurement, tax credits, price 
supports, etc., may be necessary to overcome these barriers 
since they cannot be overcome by R&D spending alone. Policy 
inputs and R&D spending all contribute to the realization of 
a commercial result. 

A valid but complex approach to measuring the output of 
Federal commercially directed R&D spending should model imped- 
iments to commercial success and the policy inputs and R&D 
spending necessary to overcome them. The market price of the 
products resulting from the R&D and the value of the products 
to consumers or ultfmate end users should then be estimated 
using economic surplus concepts. Then, one of two measurement 
approaches from production function theory could be used for 
measuring innovation program output or R&D spending output. 

--A total input-total output approach where the 
measured output 1s compared with total program 
costs which consist of R&D cost and other 
program input costs. 

--An incremental product approach where the 
marginal output of R&D spending given levels 
of all other program inputs 1s compared with 
R&D costs. 

The second of these approaches 1s the most dlfflcult but 
also the most useful. First, it would enable decisionmakers 
to assess the incremental outputs of research and development 
and each of the other policy inputs to decide whether too 
much or too little is spent on R&D vis a vis other inputs. 
Second, assuming a budget constraint, R&D spending should 
be allocated to those prolects in which the marginal output 
of R&D spending is highest. 
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CHAPTER 5 

DOE'S SOLAR PHOTOVOLTAICS PROGRAM 

This chapter discusses the previously developed concepts 
in the context of a speclflc--though broad--federally funded 
commercially directed R&D program. solar photovoltalcs. 

The sun's energy can provide electrlclty for uses rang- 
ing from onslte resldentlal appllcatlons to large-scale cen- 
tral statlon powerplants. One means of accompllshlng this 
is through the photovoltalc effect. Sunlight striking a 
semiconductor device composed of two layers of different 
types of slllcon material produces a direct electrical cur- 
rent. The direct current must be converted into alternating 
current by an lnverter. Since there can be considerable dls- 
crepancles between the supply of sunlight strlklng photovol- 
talc arrays and the demand for the electrlclty produced, a 
storage medium is necessary. In resldentlal appllcatlons, 
storage might be accomplished by partlclpatlng in a power 
grid In which excess solar-generated electrlclty is sold to 
a central power system and then repurchased when needed. 

Photovoltalc devices are now technologically feasible. 
They have been used extensively to supply power for manned 
and unmanned space vehicles. Other appllcatlons have been 
made in remote locations where the costs of supplying cen- 
tral station power are prohlbltlve. Right now photovoltalc 
devices are usually too expensive for resldentlal, commer- 
cial, or industrial process heat markets. The photovoltalcs 
R&D program 1s deslgned to reduce costs slgnlflcantly. Basic 
research and system development phases for some technologies 
have been completed, and other photovoltalc technologies are 
in a manufacturing cost reduction stage. 

In 1978 the cost of producing arrays (as opposed to 
total system costs) was $11 a peak watt. DOE has establlshed 
intermediate and long-run cost reduction goals of $2 in 1982, 
$0.50 in 1986, and $O.lO-$0.30 a peak watt by 1990. l/ These 
costs are only one part of Installed system costs. Costs of 
storage technologies are also very high--$80 to $100 a kllo- 
watt-hour. Inverters are also expensive, especially for small 
site use; they cost as much as $500 for 2-kllowatt capacity. 
Large lnverters cost somewhat less per kllowatt-hour; increas- 
ing capacity from 1 kilowatt to 100 kilowatts reduces the cost 
from $500 to $50 per kilowatt-hour. These nonarray costs can 

&/Figures are in 1975 dollars. In 1980 they will change. 

22 



more than double installed systems costs over array 
costs. A/ 

Rubenstein classifies such cost reductions as inter- 
mediate outputs. They are not preultimate outputs because 
no basis exists for assuming that total system prices based 
on such costs would be economically competitive and there- 
fore achieve market acceptance. The relatlonshlp of cost 
reductions to the lnnovatlon process is displayed in figure 
2. 

Figure 2 

Cost Reductions Durmg the InnovatIon Process 
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The effect of R&D can be discussed in terms of reduced 
cost level eventually achieved or the rate at which cost 1s 
reduced. 

&/"Applicatlon of Solar Technology to Today's Energy Needs," 
vol. 1, Office of Technology Assessment, June 1978, and 
"Preliminary Report: Photovoltalcs Incentives Options," 
U.S. Department of Energy, Aug. 1978. 
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Along the output continuum, uncertainty exists In the 
basic research and systems development phases. Having suc- 
cessfully passed through these stages (or, at least, having 
soale outputs that have successfully gone to the point of pilot 
manufacture), the uncertainty associated with achieving subse- 
quent goals is reduced and to some extent the uncertainty of 
achieving preultlmate output goals is increased. Figure 3 
illustrates this reduction in uncertainty. L/ 

Figure 3 

Uncertainty Reductlons During the InnovatIon Process 

CERTAINTY 

TIME 

As Indicated in the diagram, manufacturing cost reduc- 
tions occur through innovation and continue well into the dlf- 
fusion process. 

Meeting cost reduction goals does not constitute evl- 
dence that something of value will be produced. Information 
on whether the 1990 goal of $0.10 to 0.30 a peak watt array 
cost will be economical is not available. Suppose that the 
cost reduction goals are met but no market penetration occurs 

&/Derlved from "Weapons'System Duplication: Problems and 
I Reforms," The GAO Review, U.S. General Accounting Office, 

SummeT 1977. 2 
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because the price of competing fuels 1s lower. If this hap- 
pens I no reasonable value can be asslgned to the progress of 
the lnnovatlon except that then one might have a better idea 
of how to achieve further cost reductions. Alternatively, 
if solar photovoltaics were economically competitive at $10 
a peak watt 20 years from now, achieving the goals would be 
very valuable. This is why cost reduction goals and achlevlng 
them are not very meaningful when viewed sn isolation. They 
assume importance only when viewed favorably relative to 
expected prices of competing fuels. 

Nevertheless, for monltorlng or tracking purposes, one 
reasonable measure of intermediate outputs is the extent to 
which actual cost reductions conform to program goals. If 
nothing else affected the popular market's acceptance of 
photovoltalc technology, analyzing the reduced uncertainty 
associated with achieving cost goals would be very helpful 
in realistically appraising the probability of achieving 
end-use goals and their value. 

Thus, there are two aspects to the evaluation of lnterme- 
dlate outputs In the photovoltalcs program. On the one hand, 
measuring the relatlonshlp between cost reduction goals and 
the realization of those goals can provide a measure of inter- 
mediate output. On the other hand, the relationship of pro- 
gram goals to the changing prices of energy alternatives must 
be monitored in light of measured current progress. 

Research and development and demonstration will rarely 
accomplish both cost reduction and ultimate output goals. 
The technology must be delivered into widespread commercial 
use to meet the program's economic goals. This requires a 
technology delivery system with the characterlstlcs described 
by Ezra. 

BARRIERS IN THE INNOVATION PROCESS Q' 

Barriers are present throughout this process. They 
may be discrete, like technical barriers, or they may be 

J/This discussion of barriers and the dlscusslon of incen- 
tlves draws heavily on "Prellmlnary Report: Photovoltalc 
Incentives Options," U.S. Department of Energy, Aug. 1978; 
"The Magnitude of the Federal Solar Energy Program and 
the Effects of Different Levels of Funding" Report of the 
Comptroller General of the United States, U.S. General 
Accounting Offlce, Feb. 2, 1978; and Ezra, op. cit. 
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continuous, such as flnanclng the lnstltutlons involved in 
the process. 

Current low market demand for photovoltalc arrays is 
due to lack of Information, uncertainties regarding costs, 
problems of retrofit as opposed to new lnstallatlons, high 
productlon costs, costs of alternatives and rellabllity. 
Supply and demand constraints are Interdependent. The 
choice of the most cost effective, reliable technology 
mlqht be made in the absence of market demand considerations, 
but the optimal size for an array-manufacturing plant cannot. 
Producing firms must have good estimates of potential market 
size at varying prices to determine plant size. The simul- 
taneity of supply and demand impediments and their cost lmpll- 
cations for installed systems are a very significant barrier 
to lnnovatlon output from the program. 

Unless storage technologies are improved, photovoltalc 
appllcatlons will requare a backup utility connection. Be- 
cause of this, the ownership of a photovoltalc system must 
be determined to the satlsfactlon of interested partles, 
rate structures must be revised to prevent dlscrlmlnatlon 
against photovoltalc systems, and a procedure for selling 
excess photovoltalc energy to utilities must be developed. 

The near-term supply of silicon may be an important 
impediment. Presently, the supply 1s adequate for both the 
semiconductor and the photovoltalcs industries. However, 
combined proJected growth in both industries will outpace 
supply by 1982. Since the cost of silicon used by the semi- 
conductor industry 1s low In relation to its product's total 
cost, It will have a blddlng advantage over the photovoltalc 
industry. Therefore, the supply of silicon must increase. 
Dow Corning estimates that to bring a new silicon produc- 
tion plant on line would take 3 years; and if a plant pro- 
duces silicon for $60 a kilogram capitalization costs would 
be $90 a kilogram. Thus a plant producing 100 metric tons 
a year would cost $9 million. IJ Required capital invest- 
ment In silicon capacity will be $1.3 billion by the year 
2000. 

If solar cell production goals are to be met, total 
investment in all aspects of photovoltalcs system production 
capacity of $29 billion to $42 billion must occur between 
now and the year 2000. Producers' willingness to invest 

&/"Preliminary Report: Photovoltalcs Incentives Options," 
U.S. Department of Energy, Aug. 1978. 
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anti lenders' wllllngness to supply between $1.5 billion 
and $2 billion a year over this period are questionable, 
unless there are strong grounds for expecting increasing 
demand for photovoltalc systems. 

Current industry concerns about the photovoltalcs pro- 
gram are summarized in a DOE study. &/ In general, concerns 
center on DOE's desire to achieve near-term goals, which may 
Jeopardize long-term goals; and on uncertainties about the 
market, materials costs and avallablllty, supporting technol- 
ogles, the Government's involvement, and the technology. 
Specifically: 

In ( 1) 

” ( 2 1 

"(3) 

"(4) 

"(5) 

" ( 6 1 

Investment in production equipment and 
facllltles that are likely to experience 
rapid economic and/or technical obsolescence. 

Investment in production equipment for auto- 
mation and/or expansion of production capac- 
ity without assurance of long-term sustaining 
markets. 

Investment in the wrong technology(les) (e.g., 
flat plat vs. concentrators; silicon single 
crystal vs. thin film, ribbon or sheet; sill- 
con vs. GaAs or CdS), in terms of what tech- 
nologies will best push cost reductions and 
what technologies will best fit the long-term 
markets, and in terms of first, second and 
third generation technologies. 

Capital investments in response to government 
program with little assurance that program 
will not change in the near-term and cease 
to absorb investment risks. 

Choice of the wrong approach to markets, in 
terms of return on investment and in terms of 
ability to obtain reasonable market share in 
long-term markets, e.g., choice of component 
vs. system vs. end-product sales. 

Investment in production expansion with pos- 
sibility that price goals may not be achieved 
and expanded markets may not materlallze. 

L/U.S. Department of Energy, op. cit., pp. VI-19 to VI-30. 
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"(7) Even if price goals are achieved, realized 
sales volume could fall far short of DOE 
growth oblectlves. 

"(8) The risk that the industry may collapse when 
government backs out, rf the gap between the 
subsldlzed and free markets is too great." &' 

A final lmpedlment worth mentioning is the unresolved 
legal issue of "sun rights." Installlng photovoltalc arrays 
1s less attractive if owners are uncertain that the collector 
will be shaded by some new structure. Local building codes 
will have to deal with this issue before arrays are widely 
used. 

INCENTIVES 

An Infrastructure for manufacturing, delivering, using, 
and servlclng solar cells has not developed. Introducing 
photovoltalc systems into a Federal or civilian market will 
require a number of lnteractlve Government incentives to 
affect the infrastructure. The avallable Government lncen- 
tives are 

--Taxes; f 

--Government procurement; 

--Grants, 

--Ownership, demonstration; 

--Cost sharlng/leaslng; 

--Financial assistance; 

--Regulation; 

--Testing, certification, approval; 

--Tralnlng; 

--Information dlssemlnatlon; and 

--Advocacy. 

l/U.S. Department of Energy, op. cit., pp. VI-25 to VI-26. 
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All these may be used to varying degrees. Some cost 
more than others, and depending on circumstances, some are 
more effective than others. A full dlscusslon of the merits 
and drawbacks of each incentive is beyond this paper's scope, 

Tax incentives-- Tax incentives are often used to Influ- 
ence economic behavior, and they can be used to accelerate 
commercialization of solar cells. Even when life cycle 
costs favor solar energy systems, the initial cost of solar 
equipment remains a mayor deterrent to use. Tax benefits 
granted to those who purchase or manufacture solar equlp- 
ment may offset this deterrent. 

Government purchases and grants-- Massive Federal pur- 
chases for the near term have been suggested to drive down 
production costs. Once prices are reduced, normal market 
forces and other less expensive incentives can presumably 
sustain market growth. This incentive works if the product 
requires little adaptation for the private marketplace and 
if the product is demanded by consumers. 

Making the Federal Government the dominant purchaser 
concerns some because the Government may "overspecify" the 
product requirements and freeze technology advances, thereby 
lnnlbltlng price reductions and product improvements. To 
avoid this problem, the Government can award funds to grantees 
who will then purchase solar devices commercially. 

Government ownership, leasing, demonstration--Mass pro- 
duction of solar cells requires new capital intensive manufac- 
turing equipment. Rather than creating a market and assuming 
that capital will be forthcoming, the Government can build 
production facilities and permit private concerns to operate 
them. A variation of this is partial Government ownership 
of the plant OL the plant's manufacturing equipment. This 
type of incentive helps overcome the perceived risks, which 
deter private sector investment in acquiring costly, long- 
term specialized assets. 

Demonstration pro]ects often stimulate an innovation's 
commercialization. They provide authentic data on production 
costs, performance, reliability, and public acceptance. If 
the company involved in the prolect can continue commercial 
sales after completing the demonstration prolect, the lnnova- 
tlon stands a better chance of becoming an economic benefit 
benefit. 

Cost sharing--The Government regards cost sharing as an 
indication of industrial interest In a Federal invention. 
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It is believed to raise the level of technical and economic 
risk that a firm will accept. The willingness to share costs 
may also lndlcate the institution's true interest In using 
the lnnovatlon. 

Credit assistance --Loan guarantees can encourage in- 
vestment In solar technologies by (1) ralslng the level of 
risk that a lending lnstltutlon ~111 accept and (2) in- 
creasing the cash flow to the loan guarantee beneflclary. 
In this sltuatlon, the Government places its credit behind 
the investment by underwrltlng a loan to private firms to 
build special equipment or manufacturing plants. 

Government regulation--The Government, through Its regu- 
latory powers, can encourage the use of solar energy. For 
example, the relative costs of solar energy can be decreased 
by lncreaslng the cost of conventional fuels and by lncreas- 
ing taxes on gasoline or fuel oil. Solar energy use can also 
be encouraged by llmlting avallable conventional fuels through 
import quotas or by curtailing production orders. Government 
testing and specifications for new products may also serve as 
market lncentlves. Since many believe a few bad experiences 
by consumers can damage the future of the photovoltalc lndus- 
try I Government performance specifications can lnsplre public 
acceptance of new products. Speciflcatlons can also help State 
and local governments to write ordinances, codes, and regula- 
tions governing solar cell use. 

Grants-- Grants to cltles or States for demonstration 
and other pro]ects provide incentives for using R&D results. 
Grants to private companies are also possible, though these 
are usually made in connection with cost-sharing arrangements. 
Grants can overcome problems that direct Government procure- 
ment may cause --overspeclflcatlon and appllcatlon--since 
grantees can adopt solar energy prolects that meet their needs 
more closeJy. Grants to nonprofit institutions enable them to 
continue current and future research and development. 

Tralnlnq--Training people is an incentive in the devel- 
opment of an infrastructure. Probably no one group of trades- 
men has all the requlslte skills needed to install a complete 
photovoltalc system. The Government can train people In the 
necessary skills 

Information dlssemlnatlon-- Informatlon dlssemlnatlon is 
a mayor step ln getting R&D results to potential innovation 
users. Generally, however, the distributed lnformatlon 1s 
lnsufflclent to induce lnstltutlons to invest In an innovation 
because many questlons remain unanswered. Thus, the technical 
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services of the R&D performer are generally required In addl- 
tlon to the innovation information. 

Patents--Almost all federally sponsored R&D is currently 
in the public domaan (excluding defense R&D). Basically, this 
means a company who wishes to use Federal R&D results has no 
patent protectlon. Companies are averse to using Government 
lnnovatlons unless all potential production problems have 
been solved. Nonexclusive patents are thus weak incentives. 
Exclusive patents when available are little better because 
the Government has failed in the past to enforce such 
rights. L/ 

Advocacy--Government advocacy of photovoltalcs increases 
the incentive for using R&D results because the private sector 
believes Government support will continue throughout the 
lengthy innovation and commerclallzation period. 

THE TECHNOLOGY DELIVERY SYSTEM 

Figure 4, an expanded version of figure 2, shows a cost 
profile of photovoltalc installed system costs, a range of 
uncertainty associated with those costs, a list of the instl- 
tutlons involved In the process, the incentives that may be 
required to promote partlclpatlon of such lnstltutlons in 
lnnovatlon and diffusion, and a cost curve of a hypothetical 
situation in which there 1s no Federal involvement. Whatever 
program preultimate outputs flow, they arise because the ultl- 
mate results are achieved more quickly than wath no Federal 
involvement. 

The stages of the innovation process running from basic 
research through outputs diffusion are arrayed along the 
bottom of the figure, and Rubenstein's output classification 
defines the expected output of each stage. Cost reductions 
are shown through all stages, but the process contains a 
range of uncertainty. Wlthout Federal support, we presume 
cost reductions to be slower. Though process uncertainty is 
reduced, successes and failures may be monitored (failures 
are outputs too, since they also reduce the range of uncer- 
tainty) and knowledge 1s generated regarding the achievement 
of cost reduction goals. 

&/The Department of Energy does grant waivers so that com- 
merclal establishments malntaln rights. 
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The InstLtutlons involved may include Government and prz- 
vate research laboratories, unlversitiesp and the like, which 
produce "laboratory" as opposed to "factory" alternative con- 
flguratlons of photovoltalcs. Basic research may yield many 
promising alternatlve ConfiguratLons. Depending on the 
screntlflc barriers overcomep some alternatives may go into 
the system development stage, while basic research and develop- 
ment continues on others. 

The system development stage includes R&D performers, 
equipment manufacturersp lending lnstltutlons, and others. 
Incentives for obtaining their involvement may include such 
complementary actlvltles as lnformatlon transfer and dlssem- 
inatlon, licensing, demonstration grants, testing, Federal 
cost sharing, no-cost leaslng of demonstration plants, pro- 
curement, loan guarantees, performance specifications, and 
market research. All these, along with R&D spending, may be 
shown as movement down the cost curve, and hence, reduces 
uncertainty about the probability of achlevlng output goals. 
During this stage basic research results are transferred 
to private performers so that they may acquire knowledge of 
the technology. Knowledge is not costless and 1s not strictly 
a result of R&D spending. Reduced costs and uncertainties 
may be compared with program costs and goals at this stage. 

In figure 4, two prlnclpal types of cost reduction are 
represented. The first, "cost reduction due to R&D spending," 
plots cost reductions achieved through R&D spending, procure- 
curement, demonstration prolects, and so forth. The basic 
idea 1s that cost reductions may occur by selecting the best 
photovoltalc technological alternatives, determining the most 
cost effective mix of factor inputs in producing outputs, and 
determining the optimal scale of production. In the hypothe- 
tical example, the mlnlmum cost achievable at optimal scale 
1s not economically competltlve with that of other fuel 
sources. Given program goals and the inability to produce 
and sell solar arrays at competitive prices, other Federal 
incentives, such as those discussed previously, are needed 
to further reduce the cost to users. This is shoyn in the 
diagram as a downward shift in the cost reduction curve from 
point F to point E. The comblnatlon of policies designed to 
reduce costs also affects supply and demand. Curve ED implies 
a shift of the supply curve of uneconomic photovoltalc arrays 
into the competltlve price range. 

An alternative policy for stimulating array demand is 
to raise competing fuel prices. 
of ways. 

This is possible in a number 
It is important to dlstlngulsh between pollcles 

that result in fuel prices which are a true reflection of 
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fuel scarcity, and those that artificially inflate alternative 
fuel prices. Many policy mixes may be used to affect favor- 
ably the comparison of the cost of photovoltalc arrays with 
competing fuel prices. These policies have varying costs and, 
assuming array acceptance, varying benefits. Both will depend 
on the price dlfferentlals between photovoltalcs and competing 
fuels and on the mechanisms (if any) used to raise fuel prices. 

"Diffusion" begins when photovoltalcs become competi- 
tive. The total innovation benefits up to that point may be 
found by comparing output from the Federal program with the 
output that would have occurred had there been no Federal 
sponsorship. The basic benefit is that alternative fuels 
are displaced sooner than with no Federal program. The value 
of this benefit is the amount of displacement relative to no 
policy times the price difference between photovoltalc and 
competing fuels. In figure 4, comparison may be made on a 
unrt cost basis, but since no quantity dimension exists, 
benefits cannot be calculated in dollars. 

Suppose that no Federal pollcles were used to affect 
competing fuel prices. Assume the mix of pollcles used was 
designed to reduce the effective cost of photovoltalcs be- 
low competing fuel prices. Then innovation would occur at 
point D and diffusion would continue until total demand was 
satlsfled. 

It 1s interesting to speculate on whether in this sltu- 
atlon foreign 011 prices would decline to remain competitive 
with those of photovoltalcs. This is not unreasonable to 
expect, particularly in view of the huge profit margins cur- 
rently obtained on oil produced by the Organization of Pe- 
troleum Exporting Countries (OPEC). Even if photovoltalcs 
were not widely adopted because of lower 011 prices, the 
benefit calculation would be the same because without the 
program, 011 prices would not have fallen. &/ 

With a policy designed to raise competing fuel prices, 
dlffuslon could beg;Ln at point B. Clearly other things can 
affect the comparative attractiveness of photovoltaic tech- 
nologies. Aside from spectacular scientific or technologl- 
cal breakthroughs, research and development is not absolutely 
neoessary to achieve program goals. But achieving market 
acceptance through a policy of price increases on competing 

&/it is doubtful that photovoltalcs will ever be In strong 
competition with oil as an energy source. But all the 
newly developed energy sources might very well help llmlt 
OPEC price increases. 
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fuels can be very expensive if price levels do not reflect 
the true scarcity of competing fuels. If, for example, the 
increased competing fuel prices were totally artlflclal, 
that is, induced by policy, then a net cost--not a beneflt-- 
would result. If, on the other hand, a higher future price 
of competing fuels reflected true scarcity, then program 
benefits could be large. 

Whatever the benefits of the program are, they must be 
welghed against their costs to arrive at cost benefit ratios 
or rates of return on investment. Costs and benefits should 
be measured using the concepts of consumer and producer sur- 
plus described earlier. In figure 4, the reduced price of 
energy resources times quantity demanded with a Federal 
photovoltalcs program would be compared with competing fuel 
and/or photovoltalc array prices under a policy of doing 
nothing. Such benefits should then be compared with total 
program costs for purposes of making decisions about resource 
allocations. 

As a summary of these conslderatlons, chapter 6 pre- 
sents some basic questions that should be asked regarding any 
Federal commercially directed R&D program. 
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CHAPTER 6 

QUESTIONS WHICH SHOULD BE ASKED 

REGARDING FEDERAL COMMERCIALLY 

DIRECTED R&D PROGRAMS 

In practice, it 1s very difficult to obtain the data 
needed to apply the approach to assessing R&D output in a 
literal way. In the case of photovoltalcs, the price of 
future output resulting from today's R&D spending is very 
dlfflcult to estimate with any degree of certainty. Further- 
more in our case study, relative photovoltalc prices are maze 
important than absolute price levels when estimating chances 
of program success. These two conslderatlons are likely to 
be characterlstlc of many Federal commercially directed R&D 
programs. Also, as noted, determining the contrlbutlon of 
R&D spending 1s dlfflcult because of long lead times and 
because R&D is but one of many program inputs, Limitations 
in data avallablllty, uncertainty, and other factors suggest 
that the usefulness of our approach lies primarily in its 
ability to provide guidance in asklng the right questions 
about R&D prolects on a systematic basis. 

The following questlons sugges-c themselves. 

1. What economic benefits will this program produce 
(e.g., units produced, reduced prices, resource 
savingsp quality Improvements)? What will total 
program costs be? When will benefits begin? 
Are goals clearly defined? Can progress toward 
them be measured? 

2. what noneconomic benefits will the program pro- 
duce (e.g., environmental impacts)? What 1s 
their estimated value? 

3. Is a Federal role in producing the purported 
benefits necessary' Why is any R&D spending, 
or a proposed level of R&D spending, necessary 
when there may be alternative incentives, such 
as tax expenditures, regulation, and flnanclal 
assistance, which may achieve the same result 
in a more cost effective manner? 

4. What immediate results are expected from the 
expenditure of research and development funds 
(e.g., laboratory results, technical papers)? 
What 1s the slgnlflcance of those results, 
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particularly as they affect reallzatlon of 
expected economic and noneconomic benefits? 
What sequential steps are involved In each 
stage of the lnnovatlon process and who will 
be involved in each stage? 

5. If lmmedlate results are potentially economic, 
by what mechanism(s) will others, such as equip- 
ment manufacturers and R&D performers be induced 
to adopt such results (technology transfer, 
procurement, regulation-deregulation, etc.)? 

6. How will these mechanisms Interact in helping 
industry adopt the immediate results of Federal 
R&D spending? For example, can technology 
transfer alone achieve the application ob]ectlve? 
If not, how do other mechanisms help produce 
the transfer? 

7. What are the intermediate output goals (e.g., cost 
reduction) of the program' If a goal is to be in 
phase A by year X and phase F3 by year Y, how do 
the mechanisms and R&D efforts contribute to 
achlevlng such goals? 

8. What are the relatlonshlps between program Inter- 
mediate results and expected ultimate economic and 
noneconomic benefits? If we reach phase A by year 
X and phase B by year Y, what assurance is there 
that such results will inevitably lead to the eco- 
nomic and noneconomic benefits expected? 

9. What additional policy mechanisms are required to 
go from phases A or B to realization of economic 
and noneconomic benefits? In other words, given 
that equipment producers, R&D performers, regu- 
latory bodies, lending lnstltutlons, etc. have 
accepted the technology's merits, what addltlonal 
inducements (if any) will be required to achieve 
commercial market acceptance? (Financial assist- 
ance? Why' Tax credits? why? Regulations, 
standards, certification? Why' 1 

10. How will these mechanisms work standing alone and 
interacting with other lncentlves? For example, 
tax credits alone may do very little to stimulate 
solar technology use even though the technology 1s 
competltlve with central power plants on a life 
cycle cost basis after the tax credit. Financing 
may not be available due to reluctance to lend 
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funds for the technology. Thus, other fdrms of 
financial assistance might be required to bring 
the technology into widespread use. 

11. Given the program's expected economic benefits, the 
incentives used, and the lnteractlons between lncen- 
tives, what 1s the marginal contrlbutlon to gross 
economic benefits of R&D spending, at given levels 
of input of the other incentives? 

The last question is extraordinarily difficult to answer. 
One approach 1s to assume no R&D spending, and ask what costs 
would be incurred if other lncentlves were increased to produce 
the results obtained when R&D spending is part of the program. 
If these costs exceed previous costs, then the net benefits of 
R&D spending are positive. However, this does not mean that 
the overall program produces a net economic benefit. cost 
may exceed benefits with or without research and develop- 
ment input. On the other hand, if the R&D results can be 
produced more cheaply by other means, then the research and 
development 1s obviously not cost effective. 

Research and development should be expected to accomplish 
two things. First, it should demonstrate the technical feasl- 
blllty of a particular product or process. Second, lt should 
create improvements that will ultimately produce either a 
higher quality product or process, or a lower priced product 
or process tha$ has some end use. Presumably cost or price 
reduction or quality improvements that R&D spending can pro- 
duce for an lnnovatlon are limited. At this level, the product 
or process may or may not be commercially acceptable. If 1t 
1s not (and this 1s generally the case), other costs will be 
incurred in bringing the product or process to market. 

Federal R&D programs have the peculiarity that once 
sclentlflc or technical feaslblllty has been proven, many 
alternatives may be used to induce market acceptance. Research 
and development is only one means of reducing costs to consu- 
mers for end uses of a particular technology. Other policies, 
such as tax credits, financial backing, outright grants, etc., 
may produce effective cost reductions very similar to those 
achievable with research and development. By creating market 
demand for a product, additional cost reductions due to econo- 
mies of scale in production may develop. 

It is important to recognize that R&D spending benefits 
are limited and that other means may achieve essentially the 
same result. The question then becomes whether research and 
development is more cost effective in contrlbutlng to econo- 
mic benefits than the alternatives. As mentioned, one way of 
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determining this is to compare the expected costs of the 
program with and without an R&D component. If the same result 
can be produced at a lower cost with an R&D component, then 
the cost reduction achieved may be compared directly with R&D 
costs D Alternatively, if greater benefits result because of 
an R&D program input than result with no R&D and total program 
costs remain constant, then the addltlonal output may be 
attributed to R&D at given levels of other lncentlves. 

We do not mean to imply that all the effects we de- 
scribe can be measured precisely--they cannot. But we do 
believe that if the above questions are answered carefully 
on the basis of the best lnformatlon and estimates available, 
the information gleaned from the answers will substantially 
improve the ability of policymakers, agency offlclals, and 
the Congress to make informed Judgments about Federal expend- 
ltures for commercially directed R&D programs. 

AGENCY COMMENTS 

We obtained informal comments from the National Science 
Foundation, Department of Energy, American Association for 
the Advancement of Science, and the Congressional Research 
Service. Those commenting thought that the framework pre- 
sented here represented very good progress. Some questioned, 
however, the practical appllcablllty of the framework in view 
of the lack of data, uncertainty, and multiple oblectlves 
involved in Federal R&D activities. As the preceding dls- 
cusslon makes clear, GAO recognized that the framework which 
we discuss cannot be implemented on a literal basis and that 
allocation of resources in the commercially directed R&D area 
necessarily involves Judgments about many complex factors. 
However, we also belaeve systematic effort to gather the type 
of lnformatlon suggested here would help executive branch 
officials and the Congress to make their Judgments on the 
basis of lnformatlon of better quality than now generally 1s 
available. 
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